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Summary
Pleckstrin is the major target of protein kinase C
(PKC) in blood platelets. Its phosphorylation triggers
responses that ultimately lead to platelet activation
and blood clot formation. Pleckstrin consists of three
domains: a pleckstrin homology (PH) domain at both
termini and a central DEP (Dishevelled, Egl-1, Pleck-
strin) domain. Here, we report the solution nuclear
magnetic resonance (NMR) structure of the C-terminal
PH domain (C-PH) of human pleckstrin-1. We show
that this PH domain binds phosphatidylinositol-3,4-
bisphosphate (PtdIns(3,4)P2) with high specificity in
protein lipid overlay assays. Using NMR titration ex-
periments and mutational analysis, residues involved
in binding to PtdIns(3,4)P2 are identified. The binding
site is formed by a patch of basic residues from the 1
and 2 strands and the 1−2 loop. Since PtdIns(3,4)P2
is an important signaling molecule in platelets, our
data suggest a C-PH dependent regulation of pleck-
strin function in response to PtdIns(3,4)P2.
Introduction
Pleckstrin was first described as the major protein ki-
nase C (PKC) substrate in blood platelets (Lyons and
Atherton, 1979). It was later also found in other hemato-
poietic cells. Its paralogue, pleckstrin-2, is more widely
expressed (Hu et al., 1999). Haslam and collegues iden-
tified homologous sequences in the N- and C-terminal
part of the protein and accordingly named them Pleck-
strin Homology (PH) domains (Haslam et al., 1993). The
intervening sequence harbors a DEP (Dishevelled,
Pleckstrin, Egl-1) domain the structure of which has
been recently described (Civera et al., 2004).
Phosphorylation of pleckstrin on three sites in the
linker between its N-terminal PH domain (N-PH) and the
DEP domain (Abrams et al., 1995) is thought to activate
the molecule and trigger cytoskeleton/membrane asso-
ciation (Sloan et al., 2002). In platelets, phosphopleck-
strin was shown to bind to and activate an inositol-5-
phosphatase (Auethavekiat et al., 1997) and also to
inhibit a Gβγ-activatable phosphatidylinositol-3-kinase*Correspondence: edlich@embl.de (C.E.); muhle@embl.de (C.M-G.)(PI3K) (Abrams et al., 1996a). This evidence points to-
ward a possible function in phosphoinositide (PIP)-sig-
naling/metabolism. Furthermore, direct interactions be-
tween Gβγ proteins and pleckstrin have been reported
(Abrams et al., 1996b). The possible role of pleckstrin
in other hematopoietic cells has also been investigated:
the antimicrobial response in neutrophils leads to
pleckstrin phosphorylation and subsequent transloca-
tion to the membrane/cytoskeleton (Brumell et al.,
1997). In macrophages, pleckstrin accumulates on pha-
gosomal membranes even without the requirement for
phosphorylation (Brumell et al., 1999).
Another line of evidence emphasizes the role of
pleckstrin as regulator of the cytoskeleton at the
plasma membrane. When expressed in cos-1 cells,
pleckstrin caused rearrangements of the cytoskeleton
and morphological changes such as membrane ruffles
and cell spreading (Ma and Abrams, 1999; Ma et al.,
1997; Roll et al., 2000). The effects were dependent on
phosphorylation of pleckstrin and the N-terminal PH
(N-PH) domain.
PH domains are present in a large number of proteins
and particularly in signaling molecules such as
GTPases and kinases. They are very diverse in se-
quence but conserved in their three-dimensional fold,
a 7-stranded β sandwich capped at one side by the
C-terminal helix. Pleckstrin N-PH, among the first PH
domain structures that were solved (Yoon et al., 1994),
was shown to bind to lipid vesicles containing phos-
phatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) (Har-
lan et al., 1994, 1995). This led to the suggestion that
membrane targeting could be the general function of
PH domains. Contrary to the initial hypothesis only few
PH domains were found to interact specifically with
PIPs (Yu et al., 2004). Also, high-affinity PIP binding by
PH domains appears to show a preference toward the
products of phosphatidylinositol 3-kinase (PI3K), namely
phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3)
and phosphatidylinositol-3,4-bisphosphate (PtdIns(3,4)P2)
(Lemmon, 2003).
In this report we present the solution structure of the
C-terminal PH domain of pleckstrin (C-PH) and show
that it belongs to the small subfamily of PH domains
that bind specifically to PtdIns(3,4)P2 and the cor-
responding head-group Ins(1,3,4)P3. Furthermore, we
have identified the residues of C-PH that are involved
in binding to this ligand.
Results
Definition of Domain Boundaries
The domain boundaries of pleckstrin are given by a se-
quence alignment for C-PH (www.smart.embl.de) and
the structures of N-PH and DEP. Four constructs of
C-PH were tested (Figure 1A): C-PH221–350 starting at
the boundary of DEP was degraded in E. coli, whereas
the construct starting closest to the sequence align-
ment (C-PH242–350) was prone to aggregation. Both
C-PH and C-PH were well behaved and234–350 238–350
Structure
278Figure 1. NMR Structure of the Pleckstrin C-Terminal PH Domain (C-PH)
(A) Architecture of the pleckstrin protein: domain boundaries and phosphorylation sites are indicated. The lower panel shows the linker
sequence between DEP and C-PH and the different constructs that were tested.
(B) C-PH in ribbon representation. In this view, the C-terminal helix α2 is at the bottom of the β sandwich and the “open” side with the β1−β2
and β3−β4 loops is at the top. The termini, the three longest loops and both helices are labeled. α helices are in red and β strands in blue.
(C) Stereo image of the NMR structural ensemble. The 10 lowest energy structures of C-PH234–350 are superimposed. Labeling as in (B).looked promising in 1H,15N-HSQC spectra. We chose
othe longer of the two, which includes Phe241 and the
three hydrophobic residues Val235, Ile236, and Leu237, for a
bfurther analysis.
a
2Structure and Dynamics of C-PH
The NMR ensemble of the 10 lowest energy NMR struc- 1
ttures after water refinement is shown in Figure 1C. The
statistics of the structure determination are summa- o
lrized in Table 1. Secondary structure elements are gen-
erally well defined (rmsd of 0.289 Å over the backbone
atoms of the 10 best structures). There are no experi-
mental restraints for the central residues of the β1−β2 P
Aloop, His256, Arg257, Arg258, and Lys259 because they
could not be assigned, probably due to conformational s
pexchange on intermediate timescales. The β5−β6 loop
(residues 301–313) is truly flexible as determined by 15N b
prelaxation measurements (see Supplemental Material
available with this article online). In addition, a sponta- a
lneous deamination of Asn305 to isoaspartate (conspicu-
ous in 3D HNCA or HN(CO)CA spectra) occurred over w
wtime giving rise to two sets of signals for the adjacent
residues. Two exchangeable proton resonances could s
wbe assigned: the Hγ1 (hydroxyl) of Thr319 participates in
a hydrogen bond network in the short loop connecting d
2β6 and β7, and Hγ (SH) of Cys295 points into the hy-
drophobic core and is also inaccessible to Ellmann’s t
reagent.C-PH (Figure 1B) shows the typical β sandwich fold
f PH domains consisting of two β sheets that lie at an
ngle of about 90° toward each other and are capped
y the canonical C-terminal α-helix (α2, Figure 1B). An
dditional short N-terminal α-helix (α1, residues 238–
42 including Phe241) packs against the first β sheet.
5N NMR relaxation data (Supplemental Material) show
hat α1 has a slightly lower heteronuclear NOE than the
ther secondary structure elements, implying that it is
ess rigid.
rotein Lipid Overlay Assays
s sequence alignment and structural similarity
trongly suggested a function in PIP binding, we em-
loyed a protein lipid overlay assay to assess the lipid
inding properties of the PH domain. C-PH was ex-
ressed as a GST fusion protein and detected using an
ntibody against GST. Figure 2A shows that, of all 15
ipids tested, C-PH only bound strongly to PtdIns(3,4)P2
hereas no binding to PtdIns(3,4,5)P3 or other PIPs
as observed. To further corroborate this surprising re-
ult, we repeated the experiment in a semiquantitative
ay, where the most common PIPs were spotted in
ecreasing concentrations onto the membrane (Figure
B). Even after long exposure times barely any binding
o PtdIns(3,4,5)P could be detected whereas spots for3
PtdIns(3,4)P2 were visible even at very low concentra-
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279Table 1. Structural Statistics of the Pleckstrin C-PH Domain
<SA>a <SAwatref>a
Rms deviation (Å) from experimental distance restraintsb
Unambiguous/ambiguous (3176/115) 0.02320 ± 0.0007 0.02758 ± 0.0007
Rms deviation (°) from experimental torsion restraintsc
Dihedral angles (65 f, 65 ψ) 0.24 ± 0.04 0.17 ± 0.05
Quality factor for RDCsd
HN-N (33) 0.074 ± 0.007 0.116 ± 0.009
Coordinate Precision (Å)e
N, Cα, C# 0.35 ± 0.07 0.40 ± 0.07
All heavy atoms 0.90 ± 0.07 0.98 ± 0.07
Structural qualityf
Bad contacts 1.2 ± 1.1 0.1 ± 0.3
Ramachandran plot
% in most favored region 82.8 ± 1.1 86.7 ± 1.9
% in additionally allowed region 14.9 ± 1.6 11.4 ± 2.0
a <SA> is an ensemble of ten lowest-energy solution structures of the pleckstrin C-PH domain (out of 80 calculated). The CNS Erepel function
was used to simulate van der Waals interactions with an energy constant of 25.0 kcal mol−1 Å−4 using “PROLSQ” van der Waals radii; Rms
deviations for bond lengths, bond angles and improper dihedral angles were 0.00216 ± 0.00007 Å, 0.407 ± 0.006° and 0.384 ± 0.014°. 1 kcal =
4.18 kJ. For <SAwatref>, the ensemble of <SA> structures was refined in a shell of water as described (Linge et al., 2003).
b Distance restraints were employed with a soft square-well potential using an energy constant of 50 kcal mol−1 Å2. No distance restraint was
violated by more than 0.3 Å in any of the final <SA> structures.
c Dihedral angle restraints, derived from an 3J(HN,Hα) coupling constants and TALOS (Cornilescu et al., 1999) were applied to f, ψ using
energy constants of 200 kcal mol−1 rad−2. No dihedral angle restraint was violated by more than 5°.
d Backbone HN-N residual dipolar couplings were applied with a final energy constant of 0.3 kcal mol−1 Hz−2 for an alignment tensor with an
axial component of 13.5 Hz and a rhombicity of 0.55. The two Trp H1-N1 RDCs were treated separately and applied with a final force
constant of 1.0 kcal mol−1 Hz−2. The quality factor Q for the backbone HN-N RDCs was calculated as described (Cornilescu et al., 1998).
e Coordinate precision is given as the Cartesian coordinate rms deviation of the ten lowest-energy structures with respect to their mean
structure.
f Structural quality was analyzed using PROCHECK (Laskowski et al., 1996).a N-labeled sample of C-PH. The H, N-HSQC spec- of the bound form. Strikingly, the previously invisible
Figure 2. Protein Lipid Overlay Assay
(A) The ability of pleckstrin C-PH to bind to various phospholipids was tested. GST-C-PH only bound strongly to PtdIns(3,4)P2. The amount
of lipid per spot was 200 pmoles. Abbreviations for the lipids: S1P: sphingosine-1-phosphate; LPA: lysophosphatidic acid; LPC: lysophos-
phocholine; PE: phosphatidylethanolamine; PS: phosphatidylserine; PA: phosphatidic acid; PC: phosphatidylcholine; PtdIns: phosphatidyli-tions. Thus, under these conditions C-PH interacts with
PtdIns(3,4)P2 both specifically and with high affinity.
Chemical Shift Perturbations Experiments
with Ins(1,3,4)P3
Since NMR chemical shift is a sensitive probe of local
environment, we titrated increasing amounts of
Ins(1,3,4)P3, the soluble headgroup of PtdIns(3,4)P2, to
15 1 15nositol.
(B) Array with decreasing concentrations (100–1.5 pmole) of PIPs: GST-C-trum of C-PH changes notably upon addition of
Ins(1,3,4)P3 (Figure 3A). Saturation was reached at a 2:1
excess of ligand and many peaks experience large
chemical shift changes. The tracing of the NMR signals
during the titration was complicated because the ma-
jority of affected peaks were in intermediate exchange
at 600 MHz. A 3D 15N-edited NOESY experiment and a
HNCACB were used to obtain backbone assignmentsPH even bound low amounts of PtdIns(3,4)P2.
Structure
280resonances of the central β1-β2 loop residues (His256, A
oArg257, Arg238, and Lys239) could now be assigned sug-
gesting that they became ordered. Also, an unusual NH
Cside chain peak appeared at 9.55/88.7 ppm that could
originate from an arginine H in a hydrogen bond. m
sThe most strongly shifting peaks are labeled in Figure
3A. In Figure 3B, the chemical shift difference (δ = t
lO (δH2 + (δN/10)2)) between the free and the bound
state is plotted against the sequence. The largest I
rchemical shift changes locate to the end of β1, the first
half of β2, and the β7 strand. There are a few additional e
dsmaller changes, for example on the β6 strand (Phe315,Figure 3. Chemical Shift Perturbation Experi-
ments with Ins(1,3,4)P3 and Ins(1,3,4,5)P4
(A) 1H,15N-HSQC of C-PH with (red) or with-
out (black) a 4:1 excess of Ins(1,3,4)P3. For
the most strongly affected peaks the trajec-
tory is indicated. Inset: the NH2 region of the
HSQC is drawn at a lower background level
since the most strongly affected NH2 side
chain resonances have unusually weak
signals.
(B) Difference in chemical shift (δ) between
free and ligand bound state of C-PH, at 0.15
mM protein concentration and a 1:4 protein-
ligand ratio. For each backbone amide, δ is
plotted against the sequence position. Red
bars are for titrations with Ins(1,3,4)P3 where-
as green thin bars are for Ins(1,3,4,5)P4. The
difference in chemical shift δ was calcu-
lated with the formula δ = O (δH2 +
(δN/10)2).Ile317). Strongly shifting side chain amide groups (Gln254,sn260, and Gln328, inset Figure 3A) belong to residues
n the β1, β2, and β7 strands.
We also examined the binding of Ins(1,3,4,5)P4 to
-PH by NMR. An interaction was observed albeit
uch weaker than for Ins(1,3,4)P3. By and large, the
ame residues were affected but the magnitude of
he maximum observed δ was more than five times
ower (Figure 3B). In contrast to the interaction with
ns(1,3,4)3, the resonances for the central β1-β2 loop
esidues remained exchange broadened in the pres-
nce of Ins(1,3,4,5)P4, consistent with a strongly re-
uced interaction.
Since the NMR signals in titrations with Ins(1,3,4,5)P4
Structure and PIP3,4 Binding of Pleckstrin C-PH
281were in fast exchange, we could estimate the dissoci-
ation constant (KD) to be 30 ± 15 M (data not shown).
The KD of the interaction with Ins(1,3,4)P3 could not be
calculated in the same way because the peaks were in
intermediate exchange. However, the titration data indi-
cate that the KD for the interaction with Ins(1,3,4)P3 is
one order of magnitude smaller than with Ins(1,3,4,5)P4.
Comparison of Ligand Contacts with Other PH
Domain Structures
Previous studies identified a sequence motif in a family
of PH domains that confers specificity for D3-phos-
phorylated PIPs (Isakoff et al., 1998). The motif consists
of KxG/A/S/P on the β1 strand, an intervening se-
quence of 6 to 11 residues followed by K/RxRxF/L on
the β2 strand and a Y on the β3 strand. Many domains
that belong to this group are either selective for
PtdIns(3,4,5)P3/Ins(1,3,4,5)P4 or have a dual specificity
for both PtdIns(3,4,5)P3/Ins(1,3,4,5)P4 and PtdIns(3,4)P2/
Ins(1,3,4)P3 (Ferguson et al., 2000). The only PH domain
that is selective for PtdIns(3,4)P2 (Dowler et al., 2000)
and of which the structure has been solved is TAPP1
(Thomas et al., 2001).
A comparison of our structure with all structures in
the protein data bank revealed that C-PH is most sim-
ilar to the PH domains of TAPP1, DAPP1, and PKB
(www.ebi.ac.uk/msd-srv/ssm/). In order to understand
which residues determine ligand specificity, we care-
fully examined the sequence alignment of C-PH with
these PH domains and all others for which the structure
has been solved in complex with D3-phosphorylated
inositols (Ins(1,3,4,5)P4 in each case, Figure 4) (Baraldi
et al., 1999; Ferguson et al., 2000; Lietzke et al., 2000;
Thomas et al., 2002). Note that Btk and Grp1 are selec-
tive for Ins(1,3,4,5)P4 whereas PKB and DAPP1 have a
dual specificity for both Ins(1,3,4,5)P4 and Ins(1,3,4)P3.
TAPP1 is an exception insofar as its structure was
solved bound to a citrate molecule and not to its phos-Figure 4. Structure-Based Sequence Alignment of C-PH with High-Affinity PH Domains that Were Solved in Complex with Ins(1,3,4,5)P4
The KxG…KxR…Y sequence motif on the β1, β2, and β3 strands that confers specificity for D3-phosphorylated inositols is highlighted with
black boxes. Residues that mediate additional ligand contacts in the complex structures are in bold print and boxed. The residues on
pleckstrin C-PH that were most strongly affected by Ins(1,3,4)P3 on C-PH (δ > 0.2 ppm) are marked with an asterisk and coincide with the
region of the specificity motif. Resonances that are exchange-broadened in the free state and become observable upon addition of
Ins(1,3,4)P3 are labeled with an arrow. Secondary structure elements of C-PH are indicated above the alignment. TAPP1, although solved in
complex to citrate, is also included in the alignment because it is the only other Ins(1,3,4)P3 specific domain for which a structure is available.phoinositol ligand (Thomas et al., 2001).The residues of C-PH that are most strongly affected
during the NMR titration with Ins(1,3,4)P3 (δ > 0.2 ppm)
are labeled with an asterisk in Figure 4. Residues with
signals that are much narrower in the Ins(1,3,4)P3-
bound form or even unobservable in the free form (β1-
β2 loop) are marked with an arrow. Clearly, the region
of the sequence signature on β1 and β2 is primarily af-
fected, including the β1-β2 loop. The residues on the
β7 strand that experience strong chemical shift
changes are not in a region that is usually directly in-
volved in ligand contacts (Figure 4). The chemical shift
changes presumably result from a conformational re-
arrangement of the β1 strand (that forms two hydrogen
bonds with the β7 strand, see below). The only residue
on β7 that could contribute to ligand binding through
its side chain is Tyr325.
Mapping of the Binding Site on the Structure
The residues of C-PH were grouped into four classes
according to the difference in chemical shift (δ) that
they experience upon addition of Ins(1,3,4)P3. They are
color coded and mapped onto the structure in Figure
5A. The binding site is located at the “open” side of the
β sandwich and flanked by the C-terminal part of β1,
the N-terminal part of β2, the β1-β2 loop, and possibly
parts of the β7 strand. The electrostatic potential of
C-PH (Figure 5B) shows a cluster of positive charges at
the binding pocket. Basic residues from β1 (Lys253) and
β2 (Lys262, Arg264) as well as from the disordered β1-β2
loop (Arg257, Arg258, and Lys259) contribute to the posi-
tive potential. Thus, the Ins(1,3,4)P3 binding site com-
prises a conserved set of residues in a positively
charged region of the PH domain.
Mutational Analysis
In order to support the predictions from the NMR titra-
tion experiment, a series of C-PH mutants were gener-
ated. Their positions in the structure are shown in Fig-
ure 6B. Three residues of the KxG…KxR…Y motif were
Structure
282Figure 5. Binding Site Mapping on C-PH
(A) Ribbon representation of C-PH with color
coding depending on chemical shift differ-
ence (δ) between Ins(1,3,4)P3-bound and
free state ranging from red (strongly af-
fected) over orange and yellow to blue (unaf-
fected). Gray: no data (prolines). The binding
site is located at the “open” side of the do-
main mainly involving the β1, β2 strands and
the β1-β2 loop.
(B) Surface representation with electrostatic
potential (± 10 kBT). The structure is rotated
by 90° around the horizontal axis with re-
spect to (A). Basic residues in the specificity
motif (β1 and β2 strands) and in the β1−β2
loop contribute to the positive potential that
coincides with the binding site shown in (A).mutated (K253N, K262N, Y277F), as well as Tyr325 on a
bβ7 that is highlighted by NMR titration experiments
(Y325F). The role of the β1−β2 loop is probed with two
smutants. The C-PH R257N/R258N double mutant re-
duces the electrostatic potential of the loop by two b
ocharges. The H256G mutation targets the residue im-
mediately after KxG, resulting in KxGG at the beginning s
pof the loop. The equivalent mutation has been shown
to be sufficient to convert the TAPP1 phenotype (selec- r
ntive for PtdIns(3,4)P2 only) into the DAPP1 phenotype
(high affinity for both PtdIns(3,4)P2 and PtdIns(3,4,5)P3) n
r(Thomas et al., 2001). The KxGG motif is thought to
give the β1-β2 loop sufficient conformational free- e
cdom to accommodate the additional D5-phosphate of
PtdIns(3,4,5)P3. Conversely, a residue other than glycine m
omight prohibit binding of PtdIns(3,4,5)P3. This mechanism
of selection against PtdIns(3,4,5)P could also be envis- f3ged for C-PH because the critical position is occupied
y His256 (and not glycine).
All C-PH mutants are folded as judged from NMR
pectra (Supplemental Material). The phosphoinositide
inding properties were then probed in protein lipid
verlay assays (Figure 6A). All mutants except Y325F
how strongly reduced affinity for PtdIns(3,4)P2 com-
ared to the wild-type (left panel). Y277F shows some
esidual affinity for PtdIns(3,4)P2, but the mutation sig-
ificantly reduces the signal. The H256G mutation does
ot result in a change of affinity for PtdIns(3,4,5)P3;
ather, binding to PtdIns(3,4)P2 is lost, showing that the
ffect of the mutation is different from the TAPP1/DAPP1
ase. Somewhat unexpectedly, the R257N/R258N double
utant also abolishes binding to PtdIns(3,4)P2. In previ-
us studies, no similarly severe effects were observed
or β1–β2 loop mutations (Cronin et al., 2004; Thomas
Structure and PIP3,4 Binding of Pleckstrin C-PH
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besides the conserved KxG…KxR…Y motif that pro-
vides the scaffold for phosphoinositide binding, the
composition of the β1–β2 loop of C-PH is critical for
recognizing its phosphoinositide ligand.
Since the Y325F mutation does not reduce binding
to PtdIns(3,4)P2, the chemical shift changes on the β7
strand most likely result from a conformational re-
arrangement transmitted from the β1 strand. In con-
trast, the Y277F mutation does reduce the interaction
with PtdIns(3,4)P2. No significant chemical shift changes
are observed on the β3 strand, indicating that bindingFigure 6. Mutational Analysis
(A) Protein lipid overlay assays were carried out with pleckstrin C-PH mutants. Mutations are indicated above each strip. The position of the
lipids on the strips is displayed in (C). Abbreviations for the lipids are as for Figure 2.
(B) The side chains of the mutated residues are highlighted and colored: residues in red abolish binding when mutated, while blue is for
residues that have no effect. The side chain of R264, the only residue of the specificity motif that was not mutated, is drawn in gray. Note
that the β1−β2 loop has considerable conformational freedom; therefore, the orientation shown is only one possibility.does not significantly change the backbone conforma-
tion of this β strand.
Discussion
It has been known for a long time that pleckstrin is the
major PKC substrate in platelets. Yet, its role in the
platelet-signaling network is poorly understood. The
function of the C-terminal PH domain remained espe-
cially mysterious. Our experiments show that C-PH is
highly selective for PtdIns(3,4)P2 in vitro. This is consis-
tent with a report describing that both C-PH and full-
Structure
284length pleckstrin bind to large unilamellar vesicles con- m
taining PtdIns(3,4)P2 (Sloan et al., 2002). P
What determines the specificity of the C-PH domain? p
We addressed this question with chemical shift map- t
ping and mutational analysis. From these data, we con- a
clude that the binding site for PtdIns(3,4)P2 is formed p
by the conserved residues of the KxG…KxR…Y speci- e
ficity motif and the β1-β2 loop. The latter is the only P
specificity determining region on C-PH that shows
strong chemical shift and dynamical changes (the r
backbone NMR resonances of the loop residues are i
only detectable in the Ins(1,3,4)P3 bound state). Further- i
more, two β1–β2 loop mutations (H256G and R257N/ p
R258N) abolish binding to PtdIns(3,4)P2 in protein lipid n
overlay assays. Taken together, our data suggest that p
the β1-β2 loop conformation is critical for ligand re- i
cognition and that the strong positive electrostatic po- a
tential of the loop is required in addition to the core P
KxG…KxR…Y motif. Despite high structural and se- m
quence similarity (Figure 4), the binding of C-PH to c
PtdIns(3,4)P2 cannot be explained satisfactorily by o
comparison with known PH domain:phosphoinositol t
complex structures since for none of these the β1-β2 t
loop appears to have such a critical function. Thus, the m
fine-tuning of ligand recognition may vary substantially
even though the fold and the sequence are very similar. E
This has also been observed for the PKB:Ins(1,3,4,5)P4
Ccomplex structure, where the inositol ring is tilted by
T60° with respect to other complex structures (Baraldi
aet al., 1999; Ferguson et al., 2000; Lietzke et al., 2000;
w
Thomas et al., 2002). Furthermore, it has recently been m
reported that specificity for PtdIns(3,4)P2 can also be a d
property of PH domains that do not even contain the 3
wKxG motif on the β1 strand (Krause et al., 2004). There-
1fore, experimental evaluation of PH domain phospho-
2inositide interactions, as presented in this report for
dC-PH, is of great importance. m
Is the binding to PtdIns(3,4)P2 relevant in vivo? Skol- f
nik and coworkers found that the C-terminal PH domain p
of pleckstrin-2 (75% sequence homology of the C-ter- c
eminal domains) from EST230143 was able to drive
membrane translocation in a PI3K dependent fashion
E(Isakoff et al., 1998). In this rescue assay, only PH do-
Amains with high affinity for products of PI-3K, i.e.,
EPtdIns(3,4)P2 and PtdIns(3,4,5)P3, are detected (Isakoff w
et al., 1998). In contrast to these data, it has been re- i
ported that C-PH does not translocate to the mem- p
brane in cos-1 cells (Ma and Abrams, 1999; Ma et al., a
s1997). This apparent discrepancy most likely reflects
pthat these cells were not stimulated in a fashion that
belevates PtdIns(3,4)P2 levels sufficiently.
tIn stimulated platelets, an initial burst of PtdIns(3,4,5)P3 F
synthesis is followed by a slower rise in PtdIns(3,4)P2 p
(Toker et al., 1995). In most cell types, PtdIns(3,4)P2 is
produced through dephosphorylation of PtdIns(3,4,5)P3. N
Interestingly, there may be an additional synthesis T
pathway for PtdIns(3,4)P2 that is independent of the de- o
(phosphorylation of PtdIns(3,4,5)P3 and has only been
adescribed in platelets (Banfic et al., 1998). Furthermore,
mthere are also two distinct phases of pleckstrin phos-
s
phorylation (Toker et al., 1995). The initial phosphoryla-
tion parallels the PtdIns(3,4,5)P3 peak but is not wort- H
mannin (a PI3K inhibitor) sensitive. On the contrary, the h
3second phase of sustained phosphorylation is wort-annin-inhibitable. The addition of PtdIns(3,4,5)P3 or
tdIns(3,4)P2 could also directly stimulate pleckstrin
hosphorylation. Since some atypical PKCs can be ac-
ivated with PtdIns(3,4,5)P3 and PtdIns(3,4)P2 (Toker et
l., 1994), the authors concluded that the sustained
hase of pleckstrin phosphorylation depends to a large
xtent on the PtdIns(3,4)P2 stimulation of atypical
KCs.
In the light of our results, it is likely that pleckstrin
esponds to the elevation of PtdIns(3,4)P2 directly through
ts C-terminal domain. One possibility is that C-PH is
nvolved in a PtdIns(3,4)P2 dependent localization of
leckstrin to the platelet membrane. However, C-PH is
ot the only determinant for membrane targeting of
leckstrin. Phosphorylation of pleckstrin already results
n translocation to the membrane/cytoskeleton medi-
ted by N-PH. Thus, the interaction between C-PH and
tdIns(3,4)P2 could provide an additional link to the
embrane or may have a more regulatory function that
ould also involve yet unidentified protein ligands and/
r intramolecular interactions. In this respect, the struc-
ure and characterization of C-PH provides an impor-
ant step toward the understanding of the pleckstrin
olecule.
xperimental Procedures
loning of C-PH
he cDNA coding for residues 1–350 of human pleckstrin-1 was
mplified from a human cDNA library by PCR. Constructs of C-PH
ere generated by PCR from this source clone. To obtain an opti-
ally folded domain several 5# extended constructs were tested to
efine the N terminus. The native C terminus was chosen for the
# end. PCR products were cloned into a modified pET9d vector
ith an N-terminal His6-tag. On the basis of expression yields and
H,15N-HSQC spectra, the construct representing amino acids
34–350 of the full-length protein was selected for the structure
etermination and relaxation measurement of C-PH. For the experi-
ents with Ins(1,3,4)P3, a modified TEV-protease-cleavable His6-Z-tag
usion (Amersham Pharmacia Biotech) was used. C-PH GST-fusion
roteins were generated for lipid protein overlay. Mutagenesis was
arried out employing the PCR overlap extension method (Urban
t al., 1997).
xpression and Purification
ll C-PH constructs were expressed in E. coli BL21[DE3] pLysS.
xpression medium was LB or M9 minimal medium supplemented
ith 15NH4Cl ± [U-13C]-glucose. His6-tagged proteins were purified
n a single step over a Ni-NTA (Qiagen) column. The His6-Z-tagged
rotein was subsequently digested with recombinant TEV protease
nd passed over a second Ni-NTA column to remove both the fu-
ion tag and the His6-tagged protease. Finally, the protein was ap-
lied to a gel filtration column that had been equilibrated with NMR
uffer (20 mM NaPO4 [pH 6.8], 100 mM NaCl, 2 mM DTT). The pro-
ein eluted as a monomer and was concentrated to 0.3–0.5 mM.
or NMR experiments, 10% D2O was added. The GST-C-PH fusion
roteins were purified following a standard protocol.
MR Experiments
he 1H, 13C and 15N resonances of C-PH were assigned by means
f standard triple resonance experiments (HNCACB, HNCO, CBCA-
CO)NH), HN detected side chain TOCSY (H(CCO)NH, (H)C(CO)NH),
nd HCCH-TOCSY acquired at 22°C (Sattler et al., 1999). Experi-
ents were recorded on in-house Bruker DRX600 and DRX500
pectrometers both equipped with a cryoprobe.
For structure determination, 2D-NOESY in 100% D2O, 15N-
SQC-NOESY and 13C-HMQC-NOESY spectra were recorded at
igh field (800/900 MHz) with mixing times between 60 and 90 ms.
J(H H )-couplings were measured in a quantitative-J experimentN α
Structure and PIP3,4 Binding of Pleckstrin C-PH
285(Kuboniwa et al., 1994). HN-N RDCs were measured using a 2D
1H,15N correlation with α/β spin-state selection. The alignment me-
dium was 5% (w/v) hexaethylene glycol monododecyl ether
(C12E6)/n-hexanol (molar ratio 0.64) (Ruckert and Otting, 2000).
H2O/D2O exchange identified amide protons that were protected
from solvent exchange.
15N R1, R2 and heteronuclear NOE relaxation experiments were
measured at 500 MHz. Relaxation delays varied between 20 and
1600 ms for R1 and between 14.4 and 144 ms for R2. Experiments
were recorded in an interleaved manner (Kay et al., 1989).
Spectra were processed using the NMRPipe (Delaglio et al.,
1995) software package and analyzed with NMRView (Johnson and
Blevins, 1994).
Structure Calculation
The program Aria1.2 was used for NOE calibration and structure
calculations (Linge et al., 2001). A standard simulated annealing
protocol was employed. In iteration 8, 80 structures were calcu-
lated and the 10 lowest energy ones were subjected to water re-
finement (Linge et al., 2003). Input data were peak lists from the
NOESY spectra, backbone dihedral restraints from 3J(HNHα) cou-
plings and/or backbone chemical shift (TALOS) (Cornilescu et al.,
1999), hydrogen bond restraints and HN-N residual dipolar cou-
plings (RDCs) introduced in iteration 3. The restraints are summa-
rized in Table 1. The water-refined structures were examined with
PROCHECK (Laskowski et al., 1996). Figures were prepared with
MOLMOL (Koradi et al., 1996) and GRASP (Nicholls et al., 1991).
NMR Titration/Chemical Shift Perturbation Experiments
Samples for NMR titrations were exchanged into 20 mM MOPS
[pH 6.8] instead of phosphate buffer. The ligand was added from a
concentrated stock solution to a final excess of 5:1. Protein con-
centration was 0.15 mM. 1H, 15N HSQC spectra were recorded at
22°C on a 600 MHz spectrometer. Ins(1,3,4,5)P4 was a generous
gift of C. Schultz (EMBL), Ins(1,3,4)P3 was obtained from SiChem
(Bremen, Germany).
Ligand binding was monitored by tracing peaks in the HSQC
spectra. In the titration of C-PH with Ins(1,3,4)P3, many signals
were in intermediate exchange, therefore a 3D 15N-HSQC-NOESY
was recorded at 800 MHz to confirm and extract the assignments
of the bound PH domain. The difference in chemical shift δ was
calculated with the formula δ = O (δH2 + (δN/10)2).
Protein Lipid Overlay Assays
Lipids membranes were either self-spotted or from Echelon (Salt
Lake City, UT). The protocol of Dowler and coworkers was followed
(Dowler et al., 2002). Briefly, membranes were blocked and incu-
bated with 1 g/ml GST-C-PH protein, washed extensively (10
times) and treated with an anti-GST-HRP conjugated antibody (Am-
ersham Pharmacia Biotech). GST-PHPLC-δ and GST-PHTAPP1 (kindly
provided by D. Alessi) were used as positive controls, whereas GST
alone was the negative control.
Supplemental Data
Supplemental data include two figures and two legends and can
be found with this article online at http://www.structure.org/cgi/
content/13/2/277/DC1/.
Accession Numbers
The coordinates of the structure of C-PH have been deposited in
the protein data bank (PDB) under the accession number 1XX0.
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